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Determinants Q1of the host–guest interactions
between a-, b- and c-cyclodextrins and group IA,
IIA and IIIA metal cations: a DFT/PCM study†
S. E. Angelova, a V. K. Nikolovab and T. M. Dudev *c
The most widely used native cyclodextrins are a-, b- and g-cyclodextrins containing six, seven or eight
a-D-glucopyranoside units in the ring, respectively. Although the ligation properties of these host
molecules have been extensively studied, a number of questions regarding their metal binding and
selectivity remain unaddressed: to what extent do the size and flexibility of the host a-, b- and g-
cyclodextrins influence their metal aﬃnity/selectivity? Which metal is the most preferred binding partner
of a-, b- and g-cyclodextrins? How do the charge, size and preferred coordination number of the metal
cation shape its interactions with the host cyclodextrin? Can the guest metal cation inflict structural
alterations in the host molecule and, if so, how do these changes correlate with the metal’s properties?
In the present study, by employing density functional theory (DFT) calculations combined with
polarizable continuum model (PCM) computations, we try to answer these questions by evaluating the
thermodynamic parameters of the IA, IIA and IIIA group metal binding to a, b- and g-cyclodextrins. We
assess how the interaction between the two binding partners depends on (1) the size, valence state and
preferred coordination number of the guest metal cations, (2) the size and flexibility of the host
molecule, and (3) the dielectric properties of the environment. The series of group IA (Na+ and Rb+), IIA
(Mg2+ and Sr2+) and IIIA (Al3+ and In3+) metal cations have been chosen for the task as they allow us to
study the eﬀect of various metal parameters (variable charge, ionic radius and coordination number) on
the strength and form of the interactions with the host cyclodextrins.
Introduction
Cyclodextrins (CDs) are a series of circular oligosaccharides
composed of a-D-glucopyranoside units that have been known
to science and industry for over 100 years.1,2 The most widely
used native CDs are a-, b- and g-cyclodextrins containing six,
seven or eight glucose units in the ring, respectively.3 They have
a three-dimensional funnel-shaped architecture with a nar-
rower rim molded by a H-bonding network built by primary
OH groups (one group per glucose unit), and with a broader rim
composed of secondary OH groups (two groups per glucose
unit) (Fig. 1). The two rims of the molecules are hydrophilic
while the interior of their cavity is hydrophobic.2,4,5 Thus, the
CDs can eﬃciently accommodate and encapsulate various
predominantly hydrophobic organic and biologically active
guest molecules of interest to medicine, pharmacy, cosmetics
and the food industry.
Cyclodextrins can bind metal species as well. Studying the
metal binding aﬃnity and selectivity of CDs is of particular
importance for various fields of science and industry such as
environmental protection (where CDs can be employed as
scavengers for toxic metal contaminants), sensorial chemistry
(where CDs can be used as components of metal sensor/
detector devices), heterogenic catalysis (where the CD–metal
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Fig. 1 Molecular structure of CDs.
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complexes can act as catalysts for various chemical transforma-
tions), medicinal and pharmaceutical chemistry (where metal
binding can improve the physico-chemical parameters of drug
delivery systems), and biology/biochemistry (where CDs can be
considered as simple artificial biomimetic ion channels6 and
metalloenzyme models7–9). Surprisingly, the use of metal ions
as guest entities to the CD hosts has attracted little attention,
thus yielding a limited number of papers on the subject.10–13
Metal cations have been used as a third component in the so-
called ‘‘ternary cyclodextrin complexes’’ – drug/CD/metal con-
structs where the presence of metal species improves drug
solubility.14,15 The selective Na+/K+ effects on a-cyclodextrin
host–guest complex formation with aromatic carboxylic acids
have been studied as well.16,17 Furthermore, a fluorescent
sensor for Al3+ ions based on the water-soluble b-cyclodextrin/
diethylamine salicylaldehyde complex has been developed and
tested.18 Also, Zhang and Xu have demonstrated that M2+/bCD
(M = Fe, Co, Cu, Ni, Zn) are efficient catalysts in an asymmetric
aldol condensation reaction due to the presence of metal
dications in the complex.12 The structures of the aCD-M+ (M
= Li, Na, K, Cs) complexes and relative metal binding affinities
of aCD have been determined from a combination of mass
spectrometry, infrared multiple photon dissociation (IRMPD)
spectroscopy and quantum chemical computations and a
stronger binding of the smaller alkali cations to the host
molecule has been found.19 On the theoretical side, the metal
ligation properties of b-cyclodextrin have been investigated in
detail using density functional theory (DFT) computations at
the B3LYP/6-31G* level.13 The calculations have furnished
information about the structure of the complexes between b-
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Fig. 2 M062X/6-31G(d,p) optimized structures of aCD and [aCD–M]n+ (M = Na, Mg, Al, Rb, Sr, In; n = 1–3) complexes in the gas phase.
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cyclodextrin and bare Na+, Cu+, Mg2+, Zn2+ and Al3+ cations
and, also, the locality of the metal binding site. Recently, a
combined DFT/continuum dielectric method approach has
been employed to model the interactions of either hydrated
or non-hydrated IIA/IIB group metal cations (Be2+, Mg2+, Ca2+,
Sr2+, Ba2+, Zn2+, Cd2+, and Hg2+) with the host a-cyclodextrin
molecules.20 The thermodynamic descriptors of the metal
binding to a-cyclodextrin have been evaluated and the effect
of various factors (the metal’s radius, the degree of hydration,
the electron configuration and the coordination number, host
molecule flexibility and binding site locality) on the interac-
tions between the host and guest entities have been assessed.
However, the quest for a deeper understanding of the mecha-
nism of the metal–CD recognition is far from over. Several
questions regarding the key factors controlling the interactions
between the CD host and the metal guest wait to be answered:
(1) to what extent do the size and flexibility of the host a-, b- and
g-cyclodextrins influence their metal affinity/selectivity? (2)
Which metal(s) is(are) the most preferred binding partner(s)
of a-, b- and g-cyclodextrins? (3) How do the charge, size and
coordination number of the metal cation shape its interactions
with the host cyclodextrin? (4) Can the guest metal cation inflict
structural alterations in the host molecule and, if so, how do
these changes correlate with the metal’s properties?
Here, by employing density functional theory calculations
combined with polarizable continuum model (PCM) computa-
tions, we endeavor to address the above questions by evaluating
the thermodynamic parameters of the IA, IIA and IIIA group
metal binding to a-, b- and g-cyclodextrins. We assess how the
interaction between the two binding partners depends on (1)
the size, valence state and preferred coordination number of
the guest metal cation, (2) size and flexibility of the host
molecule, and (3) the dielectric properties of the environment.
The series of group IA (Na+ and Rb+), IIA (Mg2+ and Sr2+) and
IIIA (Al3+ and In3+) metal cations have been chosen for the task
as they allow us to study the eﬀect of various metal parameters
(variable charge, ionic radius and coordination number) on the
strength and form of the interactions with the host cyclodex-
trins. The results obtained shed light on the intimate mecha-
nism of the metal binding to a-, b- and g-cyclodextrins and
unveil the key descriptors of the process.
Results and discussion
A key question faced in this study is the determination of the
structural rearrangements inflicted on the cyclodextrin host in
accommodating diﬀerently sized and charged cations. This has
been analyzed in light of DFT/PCM predictions.
Formation of cyclodextrin–metal complexes CD + Mn+ -
[CD–M]n+ (M = Na, Rb, Mg, Sr, Al, In and n = 1, 2 or 3), where CD
(a-, b- or g-) acts as a first-shell ligand to the metal cation, was
studied. Recent investigations into the CD–metal complexation
have shown that the narrow rim, possessing the highest nega-
tive electron density in the molecule, is the preferred location
for metal coordination.19,20 Hence, the optimization of the
[CD–M]n+ structures was initiated from geometry with the metal
cation positioned at the center of the narrow rim plane of the
optimized structure of the free CD. The optimized structures of
the CD and the respective resultant metal complexes are shown
in Fig. 2–4. The free energies of complex formation in the gas-
phase and water environment are presented in Table 1.
aCD–metal complexes
The calculations reveal that the mode of metal binding to the
host cyclodextrin depends mostly on the ionic radius of the
guest cation: bulkier cations tend to coordinate to the larger
number of hydroxyl groups from the narrow rim while smaller
cations prefer the smaller number of binding partners. As seen
(Fig. 2), the largest cations in the series (Rb+ and Sr2+; Table 2)
bind to all the available –OH attractors thus preserving the
original 6-fold symmetry and inflicting minimal structural
alterations of the host molecule as compared to their smaller
counterparts from the respective group: the energy penalty due
to the aCD structure rearrangement upon metal binding is by
B13 and B9 kcal mol1 smaller in the [aCD–Rb]+ and [aCD–
Sr]2+ complexes than in the [aCD–Na]+ and [aCD–Mg]2+ com-
plexes, respectively (Table 2, last column). The aCD complexes
with the rest of the metal cations are distorted in a different
manner: the complexes of the medium-sized Na+ and Mg2+ ions
almost retain the initial truncated cone shape, while the com-
plexes of the smallest Al3+ and In3+ ions are significantly
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Table 1 Calculated Gibbs free energies for complex formation in the gas
phase, DG1, and in a water environment, DG78, for the [CD–M]n+ (M = Na,
Mg, Al, Rb, Sr, In; n = 1–3) complex formation, energy of deformation,
DEdef, of the cyclodextrin host upon metal binding, and energy of for-
mation in absolutely rigid CD binding sites, DErigid (all energies/free
energies in kcal mol1)
Complex DG1 DG78 DEdef
a DErigid
b
[aCD–Na]+ 60.38 35.91 34.20 43.77
[aCD–Mg]2+ 286.52 69.27 59.94 149.97
[aCD–Al]3+ 744.54 392.06 242.68 529.62
[aCD–Rb]+ 11.05 22.50 21.16 2.77
[aCD–Sr]2+ 161.65 20.61 50.60 156.55
[aCD–In]3+ 560.87 83.20 246.21 446.78
[bCD–Na]+ 56.21 29.14 33.37 31.73
[bCD–Mg]2+ 274.19 54.41 68.87 111.2
[bCD–Al]3+ 664.29 291.09 243.42 540.17
[bCD–Rb]+ 5.29 26.35 14.66 0.86
[bCD–Sr]2+ 168.74 18.21 60.23 76.69
[bCD–In]3+ 569.31 78.36 246.61 464.89
[gCD–Na]+ 53.99 27.43 27.96 20.28
[gCD–Mg]2+ 286.12 47.07 175.00 97.00
[gCD–Al]3+ 680.47 295.69 259.35 546.12
[gCD–Rb]+ 4.95 24.77 28.48 8.91
[gCD–Sr]2+ 151.80 28.10 52.51 45.57
[gCD–In]3+ 578.74 77.62 243.57 465.36
a DEdef is evaluated as a diﬀerence between the energy of the distorted
upon metal binding CD (single point calculations on the optimized
metal complex with the metal removed) and the optimized metal-free
CD. b DErigid is evaluated by single-point calculations of the complex
formed between the optimized CD structure and metal cation placed at
the center of the narrow rim pore.
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distorted with the H-bond ring/belt severely broken (Fig. 2 and
the penultimate column of Table 1).
The third-row cations exhibit a coordination number of 4 in
the complex. Na+ and Mg2+ ions coordinate in the same manner
to the host aCD: to 3 adjacent O atoms from the narrow rim and
to an oxygen atom located opposite to the triplet of the metal
bound –OH groups. Al3+ initially coordinates to the oxygen
atoms of the two opposite primary hydroxyl groups, then forms
a third coordinative bond with the oxygen atom adjacent to one
of the metal-bound hydroxyl groups. The fourth coordinative
bond, with a glycosidic oxygen bridge, is formed after the cation
approaches the wall of the cyclodextrin. The fifth-row metals
are characterized with different coordination preferences: Rb+
and Sr2+ cations have a coordination number of 6 while In3+ is
three-coordinated having only three adjacent hydroxyl partners.
The cation radius is an important factor governing the
metal’s aﬃnity for the host cyclodextrin as well. As the data
in Tables 1 and 2 reveal, the smaller the cationic radius (and
higher the respective charge density of the cation) the more
thermodynamically favorable is the complex formation in the
respective group (lower free energy values of the smaller cations
than their bulkier counterparts in each group). The metal’s
charge, however, has even more pronounced eﬀect on the
energetics of the complex formation. The calculations indicate
that there is a rough correlation between the metal cation
charge and DG1 values in each period of the Periodic table:
gas-phase DGs decrease almost linearly with increasing valence
state of the metal cation in the period. Note that the mode of
metal binding and the preferred number of coordinating
partners (see above) have virtually no eﬀect on the energetics
of the host–guest interactions as the above DG1/metal charge
dependency holds regardless of the varying metal’s coordina-
tion number in the complex.
The eﬀect of the host molecule rigidity on the energetics of
metal binding was evaluated as well. The binding energies for
the absolutely rigid narrow pore which does not allow for any
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Fig. 3 M062X/6-31G(d,p) optimized structures of bCD and [bCD–M]n+ (M = Na, Mg, Al, Rb, Sr, In; n = 1–3) complexes in the gas phase.
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structural rearrangements upon metal binding are given in the
last column of Table 1. These allow for assessing the upper
limit of this eﬀect. The data collected indicate a sharp increase
of the interaction energies upon rigidifying the host structure
making the process of metal binding in such inflexible struc-
tures less favorable. The most significant diﬀerences are
observed for Mg2+, Al3+ and In3+ complexes where the energy
loss in rigidifying the CD binding site is 100–200 kcal mol1.
Not surprisingly, Rb+ and Sr2+ complexes, whose optimized
structures are quite close to the initial ones, suffer the least
upon rigidifying the binding site (DErigid between 5 and 13 kcal
mol1).
These findings are in line with the trends observed for the
respective energies of deformation (DEdef) presented in the
penultimate column of Table 1. The extent of the host molecule
deformation upon metal binding, as compared to the metal-
free structure, is evident: the higher the charge of the metal
cation, on one side, and the more significant the departure
from the six-fold symmetry of its coordination, on the other, the
more distorted the host CD is (increased DEdef in the series of
M+, M2+ and M3+ in each period; least significant distortion for
the monovalent six-coordinated Rb+).
The results obtained demonstrate that all the reactions in
the gas phase are favorably characterized with quite large
negative formation free energies. Solvation eﬀects, however,
significantly attenuate the free energy gains in the gas phase
and render some reactions unfavorable in aqueous solution
(positive DG78 for the Rb+ and Sr2+ complex formation). This is
mainly due to the large desolvation penalty inflicted on the
reactants in the complex formation process aCD + Mn+ -
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Fig. 4 M062X/6-31G(d,p) optimized structures of aCD and [aCD–M]n+ (M = Na, Mg, Al, Rb, Sr, In; n = 1–3) complexes in the gas phase.
Table 2 Metal cationic radii (Å)
Metal cation Ionic radius
Na+ 0.99a/1.02b
Mg2+ 0.57a/0.72b
Al3+ 0.39a/0.54b
Rb+ 1.52b
Sr2+ 1.18b
In3+ 0.62a/0.80b
a Ionic radius in tetracoordinated complexes; from Shannon, 1976.21
b Ionic radius in hexacoordinated complexes; from Shannon, 1976.21
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[aCD–M]n+, which greatly exceeds the free energy gain upon
solvating the metal complex thus significantly increasing the
resultant free energy in solution, DG78.
bCD–metal complexes
As the narrow rim in bCD expands (compared to aCD), the
number of hydroxyl ligands coordinated to the third-period
metals decreases to 3 (for Na+ and Mg2+) and 2 (for Al3+; Fig. 3).
The decreased number of metal ligands entails a decrease in
the metal binding aﬃnity of the bCD host molecule which
reflects on the respective free energies of formation: compared
to aCD–metal complexes, DG1s increase by 4, 12 and 80 kcal
mol1 for the [bCD–Na]+, [bCD–Mg]2+ and [bCD–Al]3+ con-
structs, respectively (Table 1).
Note that the higher the valence state of the metal cation,
the larger the free energy diﬀerence between the aCD and bCD
complexes. The bulkiest cation in the entire series (Rb+) again
holds on the full set of OH ligands provided by the host bCD (7
in this case) thus preserving the overall symmetry of the
cyclodextrin molecules. This, as expected, inflicts minimal
distortion of bCD upon metal binding (energy penalty of 14
kcal mol1; Table 1). The general trends, observed for aCD
complexes, hold for bCD as well: the host molecule preferen-
tially binds smaller and highly charged metal cations over
bulkier and less positively charged counterparts (the most
favorable DG1 for the [bCD–Al]3+ complex and least favorable
for the [bCD–Rb]+ complex; Table 1). Again, high-dielectric
solvation attenuates substantially the gas-phase free energy
gains and increases the respective DG78 thus making some
reactions unfavorable (Rb+ and Sr2+ complex formation) in
aqueous medium.
cCD–metal complexes
All the metals prefer to bind to the periphery of the narrow rim
of the host cyclodextrin with coordination numbers not exceed-
ing 4 (Fig. 4). The hydrogen bond network in most cases is
severely compromised. The most dramatic structural changes,
compared to the smaller CDs, are observed for the [gCD–Mg]2+
complex, where Mg2+ departs from the central position (as in
the aCD and bCD) to the narrow belt’s periphery, significantly
distorting the gCD structure (compare Fig. 2/3, and 4) evi-
denced by the very large DEdef (175 kcal mol
1; Table 1)
inflicted by the bound metal. Rb+ also moves away to the rim’s
edge as the central high-symmetry locality (providing 8 in-plane
metal ligating groups) is not favorable any more. Nevertheless,
the free energies of gCD complex formation are not very
different from those evaluated for the aCD and bCD complexes
(see above) thus general trends found for the smaller cyclodex-
trins apply for the g-counterpart as well. Note that although the
three cyclodextrins differ by the size of the pore of their narrow
rims (radii of 2.7 Å, 3.0 Å and 3.7 Å for a-, b- and g-CD,
respectively), they exhibit poor size-selectivity toward the bound
metal cations evidenced by quite similar thermodynamic char-
acteristics of the three types of complexes. For example, for-
mation DG1 for Sr2+ complexes vary in narrow limits in the
series (162, 169 and 152 kcal mol1 for [aCD–Sr]2+, [bCD–
Sr]2+ and [gCD–Sr]2+ constructs, respectively) regardless of the
difference in the CD pore size.
This eﬀect is mainly due to the highly adaptable and flexible
cyclodextrin structure which does not impose any geometrical
constraints to the guest metal cation upon binding. Note that if
the CDs were more rigid, they would have better size selectivity
toward the most of the cations under study. Thus, the ‘‘rigid’’
aCD would be more selective for Sr2+ (DErigid = 156 kcal
mol1) than its bCD and gCD analogues characterized with
DErigid = 77 and 46 kcal mol1, respectively (last column of
Table 1).
Conclusions
The results from the present DFT/PCM calculations disclose the
major factors governing the metal binding and selectivity in a-,
b- and g-cyclodextrins. The key determinants of the host–guest
interactions in these systems are the properties of the metal
cation itself: all the three types of cyclodextrins exhibit the
highest affinity for small and highly charged metal cations.
Thus, in the series of cations examined, Al3+ is the most
preferred binding partner to the host CD while Rb+ is the
poorest performing cation. Another factor which strongly influ-
ences the process of metal binding is the dielectric constant of
the medium. As the calculations imply, increasing the polarity
of the solvent (higher dielectric constant) increases the inter-
action energy/free energy and renders the process of host–guest
recognition less favorable than in the gas-phase or lower-
polarity media. Furthermore, the host molecule flexibility
appears to be a factor of high significance for the process of
CD–metal complex formation. The highly adaptable and flex-
ible host molecule, which allows the guest metal cation to
reorganize the binding site and find its optimal position inside
the binding pore, is a very efficient metal ligating entity secur-
ing, generally, quite favorable, almost strain-free, conditions
for metal complex formation. The incoming metal cation elicits
an adequate response from the host cyclodextrin upon binding
depending on the guest electrostatic properties: as the data in
the last two columns of Table 1 imply, higher charge density of
the metal cation inflicts larger deformations of the CD host.
However, the high flexibility poorly affects the size-selectivity of
a-, b- and g-cyclodextrins which, as shown, exhibit a similar
affinity for a given metal cation regardless of their structural
differences. Note that this behavior of the CD hosts is in sharp
contrast with that of other host structures, metal binding sites
in proteins in particular. In the latter case, rigidifying the metal
binding site and not allowing the incoming competitor of the
native metal cation to reorganize the binding center to its
coordination preferences is one of the major determinants of
the ion selectivity in these structures.22–24
Some limitations of the present calculations/approach
should be mentioned. Local thermal fluctuations of the host
molecule, which play a role in its metal selectivity,22,23 are not
considered in the present calculations. However, since the
alterations in the CD structure upon metal binding modeled
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by present calculations are on a much larger geometrical scale
(see Fig. 2–4), it is expected that not accounting for the thermal
fluctuations will not change the trends of changes presented
and discussed above. Furthermore, solvation effects in the
present calculations were modeled by employing an implicit
solvent approach. Thus the effect of explicit water coordination
in the metal–CD recognition process was not considered here.
Note that this was modeled in our recent publication on aCD –
group IIA and IIB metal complexes and found not to alter the
trends of changes in thermodynamic parameters for the pro-
cess of host–guest complexation.20
Computational details
The M062X functional25 was employed in optimizing the struc-
tures of the host cyclodextrins and their metal complexes, and
evaluating their respective electronic energies, Eel. This global
hybrid functional has been shown to be eﬃcient in main group
thermochemistry, kinetics and non-covalent interaction calcu-
lations. The computations were performed with the 6-31G(d,p)
basis set for the lighter atoms (C, O, H, Na, Mg and Al), the SDD
pseudopotential for Rb and Sr, and the DGDZVP basis set for In
using the Gaussian 09 program.26 Coordination bond distances
in a metal complex with a ligand resembling CDs were used to
verify the appropriate selection of the computational level:
among several method/basis set combinations, the M062X/(6-
31G(d,p); SDD; DGDZVP) level of theory was chosen for per-
forming the desired task as it reliably reproduces the mean
metal–oxygen bond distances in the [Mg(H2O)2(15-crown-5)]
2+
complex: Mg2+–Ocrown (exp)
27 = 2.190 Å and Mg2+–Ocrown (calcd)
= 2.179 Å (present work, ESI†). Note that the M062X/6-31G(d,p)
method has been recently shown to be quite appropriate in
modeling the complexes between metal cations and
cyclodextrin-like sugars and sugar alcohols as well.20
Frequency calculations for each optimized structure were
performed at the same level of theory. No imaginary frequency
was found for the lowest energy configurations of any of the
optimized structures. The vibrational frequencies were used to
compute the thermal energies, Eth, including zero-point energy,
and entropies, S.
The diﬀerences DEel, DEth, DPV (work term) and DS between
the products and reactants were used to evaluate the gas-phase
free energy of the complex formation, DG1, at T = 298.15 K
according to:
DG1 = DEel + DEth + DPV  TDS (1)
Solvation eﬀects were accounted for by employing the SMD
(Density-based Solvation Model) method28 as implemented in
the Gaussian 09 suite of programs.26 The fully optimized
structure of each molecule/complex in the gas phase was
subjected to a single point calculation in water (with dielectric
constant e = 78). The diﬀerence between the gas-phase and
SMD energies yielded the solvation energy, DEesolv E DG
e
solv, of
the molecule/complex. Solvation free energies of the products
and reactants were used to calculate the free energy of complex
formation in a condensed medium (water):
DGe = DG1 + DGesolv (Products)  DGesolv (Reactants)
A positive DGe implies a thermodynamically unfavorable
complex formation, whereas negative value implies a
favorable one.
Basis set superposition errors (BSSEs) were accounted for by
employing the counterpoise procedure of Boys and Bernardi29
as coded in the Gaussian 09 package. The PyMOL molecular
graphics system was used for generation of the molecular
graphics images.30
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